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Abstract 
 
Schrodinger's famous cat has long been misunderstood.  According to quantum 
theory and experiments with entangled systems, an entangled state such as the 
Schrodinger's cat state is neither a superposition of states of either subsystem nor a 
superposition of compound states of the composite system, but rather a  nonlocal 
superposition of correlations between pairs of states of the two subsystems.   The 
entangled post-measurement state that results from an ideal measurement is not 
paradoxical, but is merely a coherent superposition of two statistical correlations at 
"zero phase angle," i.e. at 100% positive correlation.  Thus the state of the 
radioactive nucleus and Schrodinger's cat is as follows:  an undecayed nucleus is 
100% positively correlated with an alive cat, and (i.e. superposed with) a decayed 
nucleus is 100% positively correlated with a dead cat.   The superposition consists 
merely in the fact that both correlations are simultaneously true.  Despite many 
published statements to the contrary, this superposition is not paradoxical.  It is in 
fact what one expects intuitively.     																																																								*	ahobson@uark.edu 	
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1.  INTRODUCTION 
 
 Entangled states such as the state of Schrodinger's famous cat [1] are 
superpositions, but exactly what do they superpose?   This paper shows that an 
entangled state of two subsystems is neither a superposition of states of either 
subsystem nor a superposition of compound states of the composite system, but 
rather a superposition of correlations between pairs of states of the two subsystems.  
The analysis is motivated by a desire to better understand the entangled state 
resulting from an ideal measurement of a superposed quantum system.  What is 
interfering with what?  To answer this question, one must  study variations in the 
phase difference between the superposed terms, and for this we will turn to 
nonlocality analyses and experiments involving entangled photon pairs.      
 The question "what do entangled states superpose" can be compactly 
formulated in terms of the measurement of a quantum S whose Hilbert space is 
spanned by two orthonormal eigenstates |si> (i=1,2) of some observable, in a 
superposition state  
 
|ψ>S = c1|s1> + c2|s2>      (1) 
 
where |c1|2+|c2|2=1.  "Measurement" is the process of correlating the eigenstates 
|s1> and |s2> with states |a1> and |a2>, respectively, of a measuring apparatus A, 
so direct macroscopic observation of A tells us the microscopic state of S.  We 
assume A has a state |a0> in which A is ready to measure S, and |a0>, |a1>, |a2> are 
mutually orthonormal.  If the measurement interaction is linear and does not 
disturb eigenstates of the measured observable, the correlated initial state |si>|a0> 
evolves into the correlated measured state |si>|ai> (i=1,2).  Thus the linearity of 
the evolution guarantees that the superposition (1), when measured, evolves into 
the final correlated state 
 
|ψ>SA = c1|s1>|a1> + c2|s2>|a2>.    (2) 
 
I'll call (2) the "measurement state" (MS).  It is entangled, i.e. it is not a simple 
product of a state of S and a state of A. It is nonlocal, meaning that it violates Bell's 
inequality for certain choices of the phase angle between its two terms [2].    
 It's not easy to decipher the meaning of the MS.  Are states of A superposed? 
States of S?  The answer to these questions is "no."  A perhaps surprising feature of 
the MS is neither S nor A is in a superposition.  This is directly provable by 
assuming S or A is in a superposition and deriving a contradiction [3].   
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 Perhaps, then, the entire composite system SA is superposed.  This 
hypothesis amounts to defining a single system B = SA having states |bi>=|si>|ai> 
so that (2) becomes the non-entangled superposition 
 
 c1|b1>+c2|b2>.     (3) 
 
But this is experimentally preposterous because A could be a macroscopic 
measuring apparatus, in which case (3) would be a macroscopic superposition, and 
it cannot be this easy to create a macroscopic superposition.  Furthermore, Serge 
Haroche advises us that a system should be considered single, or non-composite, 
whenever the binding between its parts is much stronger than the interactions 
involved in its dynamics [4].  But a quantum system and its detector are not 
necessarily bound together at all, and thus must, by Haroche's criterion, be 
considered separate subsystems.  Besides, (3) misses important physics, namely the 
nonlocality of the entanglement.  
 The way to investigate a superposition is to consider the interference arising 
from variations in the relative phase angle between its superposed parts.  Such 
phase angle manipulations aren't normally considered in connection with the 
measurement process, where one of the systems is macroscopic.  But phase angle 
manipulations are part and parcel of nonlocality experiments in which both 
subsystems are microscopic.  One such example is Aspect's 1982 experiment [5] 
demonstrating the nonlocality of entangled photon pairs.  For this paper, the 
importance of such experiments is that they vary the phase difference between the 
MS's two superposed terms, enabling us to discover just what is superposed.   
Section 2 discusses such an experiment, and Section 3 summarizes the results.   
 
2.  NONLOCALITY AND ENTANGLEMENT 
 
 Nonlocality experiments conducted in 1990 by Rarity and Tapster [6] and 
concurrently by Ou, Zou, Wang, and Mandel [7] provide convenient 
demonstrations of just what the MS superposes.  These "RTO" (for Rarity, Tapster, 
and Ou) experiments involve pairs of entangled photons.  For pedagogical 
discussions of these experiments, see [8] and [9].  RTO's photon pairs are 
entangled in the MS with c1 = c2 = 1/√2, and I will assume that this equality holds 
throughout the remainder of this paper.  In each trial, a central source creates two 
entangled photons S and A by parametric down-conversion.  The entanglement 
process conserves momentum, which I will assume to be zero for simplicity, so 
that paired photons are oppositely-directed.  Each pair is emitted into two 
superposed branches |s1>|a1> and |s2>|a2>, shown in Fig. 1 as a solid line and a 
dashed line, respectively.  To shift the relative phase, experimenters insert phase 
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shifters φS  and φA  into each branch (Fig. 1).  S's and A's two beams are interfered 
at beam splitters as shown, and monitored by photon detectors S1, S2, A1, A2.  
 
Fig. 1.  The RTO experiments.  In each trial, the source emits a pair of entangled 
photons A and S into a superposition of the solid and dashed paths to create the 
MS. Mirrors M and beam splitters BS recombine the beams so they can interfere at 
both stations.  Without entanglement, each photon would coherently interfere as a 
function of its own phase shift, independently of the other photon's phase shift.  
Entanglement destroys this local interference.  
 
 Without entanglement, this set-up would be simply two beam splitter 
interference experiments, with each photon going into two superposed beams, solid 
and dashed, that interfere at separate detectors.  Each photon would interfere with 
itself according to its own phase shift, with no dependence on the other photon.      
 Entanglement changes everything.  Even though the detectors might be 
separated widely, the entangled MS entails that each photon acts as an ideal (but 
microscopic) which-path detector for the other photon.  This isn't surprising--it's 
why we call (2) the "measurement state."  Entanglement "measures," and thus 
collapses, both single-photon superpositions;  in their collapsed states, S and A 
impact their detectors as random mixtures with no phase-shift dependence.  We 
see here the connections between entanglement, measurement, and collapse from 
coherent superposition to incoherent mixture.   
 But quantum dynamics is unitary, implying that the global MS must remain 
coherent despite the collapse of its local subsystems into incoherent mixtures.  
Where has the coherence gone?  The answer:  It resides in the coherent relationship 
between Fig. 1's solid and dashed branches!  This global coherence is observed 
experimentally in coincidence--i.e. correlation--measurements comparing the 
impact points of entangled pairs.  Quantum theory predicts [8], and the RTO 
measurements confirm [6][7], that the degree of correlation between paired 
photons S and A varies coherently as the cosine of the difference φS-φA between the 
two local phase shifts, as graphed in Fig. 2.  
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Fig. 2.  Nonlocal interference in the RTO experiments.  As the nonlocal phase 
difference (φS - φA) varies, the degree of correlation shows coherent interference.    
 
 In Fig. 2, perfect correlation (+1) means the photon detectors always agree:  
Either both register state 1 or both register state 2.  This is the "classic" MS.  It 
occurs, as we already know from Section 1, when the phase angle between the two 
terms is zero.  Perfect anti-correlation (-1) means the detectors always disagree:  If 
one registers state 1, the other registers state 2.  In either case, the outcome at S is 
predictable from the outcome at A.  Zero correlation means the detectors agree on a 
random 50 percent of trials, and disagree on 50 percent, so the outcome at A 
provides no information about the outcome at S.   Other degrees of correlation 
represent intermediate situations; for example, a correlation of +0.5 implies a 75 
percent probability of agreement, while a correlation of -0.5 implies a 75 percent 
probability of disagreement.   
 The nonlocality is apparent.  Suppose we set both phase shifters to zero and 
that all four optical paths (two solid, two dashed) are equal (Fig. 1).  Without the 
beam splitters, conservation of momentum at the source guarantees that their 
correlation is +1--either detectors S1 and A1 click or detectors S2 and A2 click--
because the photons remain either on the solid path or the dashed path.  This isn't 
surprising.  What's surprising is that this doesn't change when we insert the beam 
splitters.  Despite the random mixing of paths, each local station "knows" which 
detector the other photon "chooses."  The perfect correlation is now a nonlocal 
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consequence of  entanglement.   The results in Fig. 2 violate Bell's inequality over 
a range of phase angles, again confirming nonlocality.   
 This nonlocality demonstrates the unity of the quantum:  each photon senses 
the experimental arrangement of the entire coherent pair.  Regardless of which 
phase shifter varies, both photons instantly "know" both path lengths and correlate 
accordingly at both stations.  Analogously, in a single-photon interferometer (Fig. 
3), the experimental results imply the single photon "knows" both path lengths.  
 
Fig. 3.  A single-photon interferometer.  The phase shifter φ alters the phase 
relation between the two paths, implying that each photon is in a superposition of 
being on both paths and changing the statistics of detection at D1 and D2.     
 
 Although both setups, Fig. 3 and Fig. 1, demonstrate superposition, there is a 
difference between the two cases.  In the simple superposition (1) (Fig. 3), phase 
shifts alter the probabilities of the photon being detected in state 1 or state 2.  In the 
entangled superposition (2) (Fig. 1), phase shifts alter the probabilities of the two 
photons being in corresponding paired states (11 or 22, where an abbreviation such 
as "11" means (S1, A1)), or in non-corresponding paired states (12 or 21).  
 Table 1 makes this key point in more detail.  As the phase angle φ between 
the two branches of the simple superposition (1) varies from 0 to π, the detected 
state varies from 100% probability of D1 (detection in state 1), to lower 
probabilities of D1 (and higher probabilities of D2) until finally arriving at 0% 
probability of D1 and 100% probability of D2.  Entanglement, on the other hand, is 
entirely about relations between states of S  and states of A, not about states 
themselves.  At all five values of the nonlocal phase angle, S and A are randomly 
(with 50-50 probabilities) in either state 1 or 2; neither the state of S nor the state 
of A varies with the phase angle φS -φA  between the two branches. Instead, the 
relationship between S and A varies from a 100% probability of being "the same" 
(either 11 or 22) and 0% probability of being "different" (either 12 or 21), to lower 
probabilities of being the same and higher probabilities of being different.   
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 Thus an observer looking only at S sees no change as the phase angle varies; 
she always sees S in state 1 on 50% of the trials and in state 2 on 50%.  The same 
goes for an observer of only A.  It's only a nonlocal observer, who knows the 
outcomes at both S and A, who observes such variations; he will detect a changing 
correlation between the states of the two subsystems.  I suggest that a good term 
for this situation is "superposition of correlations."  
              
Simple superposition: Entanglement of two sub-systems:   
φ outcome probabilities φS -φA outcome probabilities    
0 100% D1, 0% D2 0 100% same (randomly 11 or 22),  
       0% different 
π/4 71% D1, 29% D2 π/4 71% same (randomly 11 or 22),  
      29% diff (randomly 12 or 21). 
π/2 50% D1, 50% D2 π/2 50% same (randomly 11 or 22),  
      50% diff (randomly 12 or 21).   
3π/4 29% D1, 71% D2 3π/4 29% same (randomly 11 or 22),  
      71% diff (randomly 12 or 21). 
π 0% D1, 100% D2 π 0% same,  
      100% diff (randomly 12 or 21).   
Table 1.  In a simple superposition, as the phase angle varies the photon's state 
varies.  In an entangled superposition, as the nonlocal phase angle varies, the 
relationship between the states of the two photons varies, while the individual 
states of both photons remain random and phase-independent.     
 
 To spell this out mathematically, quantum physics predicts the following 
probabilities for RTO's four possible correlations [8]: 
 
 P(S1 & A1) = P(S2  & A2) = 1/4 [1 + cos(φS - φA + w)]   (4a) 
 
 P(S1 &  A2) = P(S1 & A2) = 1/4 [1 - cos(φS - φA + w)]   (4b) 
 where	 the	 phase	 angle	w	 is	 determined	by	 fixed	 parameters	 of	 the	 setup	 in	Fig.	 1,	 namely	 the	 phase	 shifts	 upon	 reflection	 and	 transmission	 at	 beam	splitters,	and	the	fixed	(with	both	phase	shifters	set	at	zero)	path	lengths	for	the	two	photons.		In	Fig.	2,		w	is	set	to	zero	by	an	appropriate	choice	of	origin	for	φS - φA.		With w=0, the probability that measurements of A and S yield the same 
values (either both 1 or both 2) is	
	
 P(same) = P(S1 & A1) + P(S2 & A2) = 1/2 [1 + cos(φS - φA)]    (5a) 
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while the probability of different values is  
 
 P(diff) =  P(S2 &  A1) + P(S1 & A2) = 1/2 [1 - cos(φS - φA)].   (5b) 
 
Thus quantum physics predicts the degree of correlation, defined as C = P(same) - 
P(diff), is simply cos(φS - φA), as graphed in Fig. 2 and measured experimentally.   
 Equation (5a) makes the same point as Table 1.  P(same) is the probability 
that one photon will act as a good detector for the other.  When the solid and 
dashed branches are mutually in phase (φS - φA = 0), their correlations reinforce 
positively to produce the MS with P(same) = 1.  As the phase difference φS - φA  
between the solid and dashed branches increases, the probability that one photon 
will act as a good detector for the other decreases until, at a phase difference of π, 
the probability of acting as a good detector becomes zero (zero chance of correctly 
indicating the other photon's outcome).  Again, a good term for this situation seems 
to be "superposition of correlations." 
 As verification that the interference doesn't affect the states of S or A, we 
calculate from (4) that P(A1) = P(A1, S1) + P(A1, S2) = 1/2, and similarly P(A2) = 
P(S1) = P(S2) = 1/2, in agreement with Table 1.  Thus the local states at A and at S 
are phase-independent; were this not the case, instant messages could be sent.  
 The MS represents an ingenious tactic on nature's part.  She must be 
nonlocal in order to preserve the coherence of the spatially extended "bi-quantum" 
(pair of entangled photons), yet she must not violate relativistic causality by 
allowing phase changes made at one local station to detectably alter the 
observations at the other.  So she accomplishes the required nonlocality entirely by 
means of correlations between the two subsystems.    
 
3.  SUMMARY 
 
 In a simple superposition of a 2-state system, the system is in two interfering 
states simultaneously, and the phase angle between the two superposed states 
determines the probabilities of detecting one or the other state.   In an entangled 
superposition of two subsystems, the phase angle has nothing to do with the states 
of either subsystem, which are always in random (50-50) mixtures of their two 
possible states; instead, the phase angle determines the relation--the degree of 
correlation--between the subsystems.  This "superposition of correlations" entails 
only that both correlations--both statistical relationships--exist simultaneously:  
|s1> is correlated with |a1> and (i.e. superposed with) |s2> is correlated with |a2>.  
This is a nonparadoxical superposition of correlations rather than a paradoxical 
superposition of states.   
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 When the non-local phase angle φS - φA between the two superposed 
branches is set at zero, the MS reduces to the traditional post-measurement, or 
Schrodinger's cat, state.  This state is not paradoxical.  It is in fact logically 
equivalent to the statement "S is in state |s1> if and only if A is in |a1> and (i.e. 
superposed with) S is in |s2> if and only if A is in |a2>."  Entangling the simple 
superposition (1) with a detector transforms the coherence of S into the coherence 
of the correlations between S and A.  In terms of Schrodinger's cat, connecting the 
radioactive nucleus to the cat (so that the cat dies when the nucleus decays) 
transforms the coherence of the state of the unattached nucleus into the coherence 
of the correlations between the state of the nucleus and the state of the cat.   
Despite many published declarations to the contrary, this state is not paradoxical.        
 
ACKNOWLEDGEMENTS 
 
 I thank University of Arkansas Physics Professor Surendra Singh for many 
enlightening  discussions, my Department of Physics for providing this retired 
professor with a congenial office, and James Malley of the Center for Information 
Technology at the National Institutes of Health for encouraging advice.  
_____________________________________ 
 
[1] E. Schrodinger, "The present situation in quantum mechanics," Proc. 
Cambridge Phil. Soc 31, 666 (1936); 32, 446 (1936).  For a summary and 
discussion, see  
 https://en.wikipedia.org/wiki/Schr%C3%B6dinger%27s_cat 
[2] N. Gisin, Phys. Lett. A 164, 201 (1991).  There is an important error in the 
title:  "holds" should be replaced by "is violated."   
[3] A. Hobson, Phys. Rev. A 88, 022106 (2013). 
[4] S. Haroche,	 J.	 M.	 Raimond,	Exploring	 the	Quantum:	 	 Atoms,	 Cavities	 and	
Photons	(Oxford	University	Press,	Oxford,	2006),	p.	52.			
[5] A. Aspect, J. Dalibard, G. Roger, Phys. Rev. Lett. 49, 1804 (1982).  
[6] J. G. Rarity, P. R. Tapster, Phys. Rev. Lett. 64, 2495 (1990). 
[7] Z. Y. Ou, X. Y. Zou, L. J. Wang, L. Mandel, Phys. Rev. Lett. 66, 321 (1990). 
[8] M. A. Horne, A. Shimony, A. Zeilinger, in Sixty-Two Years of Uncertainty, A. 
I. Miller, ed.  (Plenum Press, New York, 1990).   
[9] A. Hobson, Physics: Concepts & Connections (Pearson/Addison-Wesley, San 
Francisco, 5th ed. 2010), Chp. 13. 
[10] M. Schlosshauer,  Decoherence and the Quantum-to-Classical Transition, 
(Springer, Berlin, 2007).   
